beta carotene, with the effects of study, sex, and age group being adjusted by stratification. Results: Risk decreased as fiber intake increased; relative risks were 0.79, 0.69, 0.63, and 0.53 for the four highest quintiles of intake compared with the lowest quintile (trend, i><.0001). The inverse association with fiber is seen in 12 of the 13 studies and is similar in magnitude for left-and right-sided colon and rectal cancers, for men and for women, and for different age groups. In contrast, after adjustment for fiber intake, only weak inverse associations are seen for the intakes of vitamin C and beta carotene. Conclusion: This analysis provides substantive evidence that intake of fiber-rich foods is inversely related to risk of cancers of both the colon and rectum. Implications: If causality is assumed, we estimate that risk of colorectal cancer in the U.S. population could be reduced about 31% (50000 cases annually) by an average increase in fiber intake from food sources of about 13 g/d, corresponding to an average increase of about 70%.
[J Natl Cancer Inst 84:1887-1896, 1992]
Cancers of the colon and rectum are among the most common malignancies in North American and other western populations. It is estimated that 157500 cases of these cancers and 60500 deaths attributable to them occurred in the United States in 1991 (7) . High rates also occur in western European and in other similar populations (e.g., Australian), and even in countries where rates are lower, colorectal cancer is still a major public health burden (2) . Incidence and mortality rates are also rapidly increasing in many previously low-risk countries (3) .
Several hypotheses relating dietary factors to risk of colorectal cancer have been advanced. It has been postulated that increased risk may be associated with increased intake of energy-providing nutrients, particularly fat (3) . It has also been hypothesized that several dietary components coming primarily from fruits, vegetables, cereals, and legumes in the diet may decrease the risk of colorectal cancer (3) . Of particular interest in this context are the postulated protective effects of fiber, beta carotene, and vitamin C (3).
The hypothesis that fiber decreases risk arose primarily from observations made by Burkitt in Africa (4) . A comprehensive review of the evidence relating fiber intake to the risk of colorectal cancer has recently been published (5) . The hypothesis is supported generally by experimental animal studies, though such studies are not totally consistent, which may be reflective of differing physiological properties of different types of fiber (3) . The international variation in colon cancer rates has an inverse correlation with estimated per capita intake of fiber, but when such correlations are adjusted for fat intake, the only statistically significant correlation is with fiber from cereal sources and pulses (6) .
To date, results have been reported from only one cohort study in which fiber intake was specifically estimated (7) . There was a weak inverse association between fiber intake and risk of colon cancer in this study, the effect coming primarily from fiber derived from fruit. This association was not statistically significant, perhaps because of the limited number of case subjects (N = 150) in this cohort. Most case-control studies have found inverse associations with the consumption of fruits and vegetables, though attribution of this effect to any specific dietary component has not been established (8, 9) .
Identification of a specific dietary factor which affords protection against the risk of colorectal cancer would be important for two reasons. First, it directly impinges upon any recommended use of dietary supplements, as opposed to the increased consumption of foods rich in certain nutrients. Second, dietary modification that involves the increased consumption of foods such as fruits and vegetables may be easier to achieve than, for example, reducing total energy intake or reducing the proportion of total energy intake that comes from fat.
This article presents the results from the combined analysis of 13 case-control studies of diet and colorectal cancer with respect to the intakes of fiber, beta carotene, and vitamin C. These studies have been conducted previously in various populations with differing colorectal cancer rates and dietary practices. The individual data records for 5287 case subjects and 10470 control subjects have been pooled for a common analysis. This approach thus differs from the usual meta-analysis in which estimates of risk are pooled from published summary results. Using the individual data records has the advantage of eliminating artifactual differences due to different procedures for coding and analyzing data that may have been used in the respective original study analyses.
The objectives of the present study were (a) to examine dietary hypotheses in the complete data set to identify the risk model that best described the pooled data and (b) to test the consistency of any observed associations across the various studies. The amalgamation of data for the large number of case subjects and control subjects also enables examination of interaction effects. It has been postulated that dietary effects on colorectal cancer may operate differentially for men and women, by site of cancer and by age, and that there may be interactions among various nutrients (10) .
Methods

Studies and Data
The studies included in the present analysis are summarized in Table 1 . Details of case subjects and control subject selection and of the diet histories employed in the individual studies have been reported in the references given in Table 1 (9, . All investigators of case-control studies of diet and colon or colorectal cancer of which we were aware were invited to participate in the analysis on the basis of two criteria: The study must have been completed by 1989, and it must have contained individual estimates of the consumption of the majority of the dietary factors of interest based on reasonably complete diet histories. Subsequently, we became aware of another case-control study in Sweden (37), but it was too late to include this study in the combined analysis. Apart from the Swedish study, another case-control study in New York State (38) , and an earlier study in Utah (39) , the studies included in this analysis represent, to the best of our knowledge, a complete set of such analyses.
Data on the nutrient intakes for each study subject were calculated within each particular study with nutrient values relevant to the population being studied. Nutrient intakes from supplemental sources, such as from the use of vitamin supplements, were not included in the present analysis, since such data were available only for a small number of studies. Therefore, the nutrient data in this article refer only to nutrients derived from food sources. Individual data records for each study subject were provided to the Epidemiology Unit of the National Cancer Institute of Canada and were converted to a common format with a standardized coding procedure.
Two approximations had to be used in order to make the data for all studies directly comparable. First, several of the studies had data available only on crude fiber intake, whereas others had data only on dietary fiber. In the Utah study (35, 36) , although estimates of dietary fiber were available, the crude fiber measure was used in the present analysis, since the method for estimating dietary fiber in the Utah study was different than other more commonly used methods. Dietary and crude fiber intakes are very highly correlated on an individual basis. For example, the correlation coefficient between crude and dietary fiber based on the control subjects in the Canadian study is .94. Therefore, in order to make the measure of fiber intake more directly comparable across studies, we multiplied the crude fiber estimates by a factor of 3.8, the mean ratio of dietary and crude fiber in the control data from the Canadian study. This approximation is unlikely to introduce any substantial differences in inferences concerning dietary fiber.
The second approximation was to multiply the estimated total energy intake from the Singapore study by a factor of 1.25. In this study, it was decided a priori not to study simple carbohydrates; therefore, foods relating 1985-1987 1979-1981 1980-1981 1978-1983 1976-1978 1981-1986 1979-1984 1979-1980 1981-1986 1985-1987 1984-1988 1984-1988 1979-1983 Type of control* 
•fThe present analysis includes some additional study subjects who were not available for the original analysis of these data (31, 32) .
primarily to simple carbohydrate intake were not included in the dietary questionnaire. As a result, the estimates of energy intake in the Singapore data represent, on average, about 80% of the total energy intake (28). However, analyses excluding the Singapore data gave essentially the same results as those reported here, so this approximation appears unlikely to have introduced any substantial error.
Statistical Analysis
Data were stratified into the 130 possible combinations of study (13 categories), sex (two categories), and age group (five categories: 0-44, 45-54, 55-64, 65-74, and *75 years). The stratification on 10-year age groups was necessitated by the fact that this level of categorization was the finest that was available for one large study. However, finer stratification on age for the other studies gave essentially identical results to those reported here. Unconditional logistic regression techniques (40) were used to estimate relative risks, confidence intervals, and P values. Indicator terms for each of the strata were included in the regression models where appropriate to account for the effects of study, sex, and age group. Because of the large number of subjects in each stratum, this approach yields essentially unbiased estimates (40) , as was confirmed by comparison with analyses based on conditional logistic regression.
Two types of models were used to examine the effects of the dietary factors. In the first, variables were divided into quintiles based on their distribution among all study subjects. Appendix 1 shows the 10 percentile points corresponding to the medians and bounds for the quintiles. For example, the bounds for the third quintile are given by the 40th and 60th percentiles, and the median for this quintile is the 50th percentile point. In the second approach, each dietary factor was represented by a continuous variable. Relative risks were expressed in scaled units corresponding to the difference in the mean of the highest and lowest quintile of intake on the basis of the control data from the three North American studies of Whites (i.e., Canada, United States I, and United States 11). This approach thus provides relative risk estimates corresponding approximately to risks between the highest and lowest quintile of subjects on a typical diet consumed by North American Whites.
It should be noted that this approach can lead to units that are considerably greater than the usual variations seen in some studies. However, the use of this approach does make relative risk estimates directly comparable across studies, even if the estimate within a particular study is based on a much narrower distribution of intake than would be indicated by the unit. It should also be noted that dietary histories generally overestimate intake by about 25% (41) , so the true differences between quintiles in North American populations is likely to be about 80% of that which would be indicated by the units used. In practice, both approaches to modeling led to very similar inferences.
Values more than three times the standard deviation away from the mean on the log scale, computed separately by study and by dietary factor (fiber, beta carotene, vitamin C, and total energy), were excluded from those analyses that included the particular variable in order to remove possible outliers. This requirement eliminated only a very small number of records. Models (except where indicated) included total energy intake as a continuous variable (42) . Models in which the energy intake effect was represented by its components (fat, protein, and carbohydrate) gave essentially identical results to those presented, as did models in which total energy was replaced by total fat or saturated fat. The detailed analysis of the associations observed in the dataset with those nutrients contributing to total energy intake will be reported at a later date. All P values quoted are two-sided.
Results
Inverse associations with risk of colorectal cancer were observed for the intakes of fiber, vitamin C, and beta carotene. However, these latter associations were substantially modified by the effect of total energy intake, and for the vitamin C and beta-carotene associations, by the effect of fiber. Table 2 shows the relative risk estimates for fiber, vitamin C, and beta carotene obtained from models adjusted only for age, sex, and study with data from the 10 studies that had values for all three variables. The effect of adjusting these estimates for total energy intake and for the two remaining dietary factors is also shown in Table 2 . The inverse associations seen for fiber, vitamin C, and beta carotene are substantially strengthened by adjustment for total energy intake. However, whereas the estimate for fiber intake is essentially unaffected by adjustment for vitamin C and/or beta carotene, the effects of vitamin C and beta carotene are considerably diminished by adjustment for fiber intake. Table 3 shows the estimated relative risks and 95% confidence intervals for the four highest quintiles of intake of fiber, vitamin C, and beta carotene compared with the Table 2 . Effect of adjustment on relative risk estimates for fiber, vitamin C, and beta carotene: restricted to studies with data for fiber, vitamin C, and beta carotene* •Number of cases = 4326; number of controls = 8946. fAlso adjusted for study, age group, and sex. .03
•Number of subjects included in analysis. tAdjusted for total energy intake, study, age group, and sex. $ Adjusted for total energy and fiber intakes and study, age group, and sex.
lowest quintile based on the combined data from all studies. Table 4 shows the corresponding data from the combined analysis of those studies that had data for all three dietary factors. The results shown in Tables 3 and 4 are essentially identical.
There is a monotonic decreasing dose-response relationship seen for the intake of fiber, which essentially could not have arisen by chance (P<10- 10 ). Those in the highest quintile of intake (median, 31.2 g/d) have about half the risk of those in the lowest quintile (median, 10.1 g/d). Although vitamin C and beta carotene demonstrate inverse relationships that achieve conventional levels of statistical significance (i.e., P<.05), the effect is much weaker than that seen for fiber and, as discussed subsequently, could be accounted for by measurement error.
The strong inverse association seen with fiber intake in Tables 3 and 4 was essentially unaffected by adjustment for height, weight, body-mass index [weight/height 2 ], or education. There was also no evidence of any confounding by the latter factors for beta carotene or vitamin C.
Possible interaction effects of fiber with total energy intake, beta carotene, and vitamin C were examined by estimating the relative risk per 27 g of fiber intake per day by fertile of intake of the other nutrients. The relative risks for fiber intake by tertile of total energy intake were 0.48, 0.45, and 0.56 from lowest to highest tertile of total energy intake, respectively (P interaction = .72). For tertiles of betacarotene intake, the relative risks for fiber intake were 0.44, 0.66, and 0.54 (P interaction = .54). For tertiles of vitamin C intake, relative risks for fiber were 0.37, 0.54, and 0.53 (P interaction = .66). Thus, there appears to be little evidence of any systematic variation in the relative risks for fiber intake within tertiles of the other nutrients. Examination of the relative risks for beta carotene and vitamin C by tertiles of the other nutrients in the same way also provided little evidence of any interaction effects; all P values for their interaction were .09 or more.
The consistency of the fiber effect across the studies is examined in Table 5 . In these models, fiber intake is treated as a continuous variable, with the relative risk shown being that for 27 g of fiber per day corresponding approximately to that between the highest and lowest quintile of intake for subjects on a typical diet consumed by North American Whites. The statistical significance of the effect of fiber is, however, independent of the unit chosen to scale the relative risk. It should be noted that the data in Table 5 can be used to estimate a pooled relative risk for any particular subset of studies. This estimation can be made by exponentiating the mean of the log of the relative risk weighted inversely by its variance obtained from the confidence interval expressed on the log scale, since a standard model is used for all studies in this table.
Twelve of the 13 studies provide estimates of relative risk for fiber intake that are less than 1.0, and for eight, the decrease in risk is statistically significant as indicated by the 95% confidence intervals. A global test of heterogeneity was computed for the fiber effect across the studies; the test yielded a P value of less than .001. This statistic tests the Table 4 . Relative risks by quintiles of intake: combined analysis for all studies with data for fiber, vitamin C, and beta carotene .07
'Number of subjects included in analysis. tAdjusted for total energy intake, study, age group, and sex. X Adjusted for total energy and fiber intakes and study, age group, and sex. Table 5 . Relative risks for intake of 27 g of fiber per day by individual study* •Fiber intake is treated as a continuous variable, with the relative risks shown being that for 27 g of fiber per day corresponding approximately to that between the highest and lowest quintile of intake for subjects on a typical North American diet consumed by Whites.
t Adjusted for total energy intake, age group, and sex.
hypothesis that the variation in individual estimates for the studies shown in Table 5 could have arisen by chance. Thus, the individual point estimates of the fiber effect show considerable heterogeneity, which is unlikely to be due to chance. Table 6 shows individual study results for vitamin C and beta carotene. For vitamin C, five of the 12 studies have relative risks greater than 1.0, though none are statistically significant. Of the seven studies in which the relative risk is less than 1.0, two had results that were statistically significant. Again, there is significant heterogeneity of effect across the studies (P<.001). Of the 11 studies with data for beta carotene, five have relative risks greater than 1.0, with only one of the other six studies having a statistically significant relative risk less than unity. There is significant heterogeneity (P<.001), with a combined point estimate close to 1.0. Table 7 shows estimates of relative risk per 27 g fiber per day estimated separately for cases of left-and right-sided Table 7 . Relative risks for intake of 27 g of fiber per day by cancer site, sex, and age group •Adjusted for total energy intake, study, age group, and sex. t Adjusted for total energy intake, study, and age group. colon cancer and for rectal cancer, for females and males, and by two age groups (<50 and 5»50 years). The latter categorization was chosen because of the postulated possible differential effect of dietary factors before and after the menopause in women (10) . Similar results are obtained with cut points of 55 and 60 years of age. The estimates are very consistent for all subgroups shown in Table 7 , and the large number of study subjects makes it unlikely that there are any true underlying strong differential effects for fiber intake by cancer site, sex, or age group.
Discussion
The present analysis has provided strong evidence of monotonically decreasing risk with increasing intake of fiber, an association that, in essence, could not be due to chance. Twelve of the 13 studies display inverse associations with dietary fiber, although there is considerable statistical heterogeneity in the individual point estimates. Such heterogeneity could have arisen from a number of sources. Differential measurement errors due to the use of different dietary instruments could have occurred among the studies, leading to differential attenuation of the measured relative risks. The composition of total fiber in the different populations studied could have been different in terms of the physiological properties of those components. Confounding by or interaction with specific foods, the consumption of which varies in the different study areas, could also have contributed to the heterogeneity. Despite this heterogeneity, the studies are very consistent in their finding of an inverse association, all (with the exception of Australia I) showing a decrease in risk of at least 26% per 27 g of fiber per day. The probability of twelve of 13 studies finding an inverse association by chance is only about .003. A very similar inverse association with dietary fiber is seen for both leftand right-sided colon cancers, for cancer of the rectum, for both females and males, and for those under 50 years of age and those 50 years of age or older.
Although inverse associations are seen for two other markers of fruit and vegetable intake, namely vitamin C and beta carotene, the effects are much weaker and much less consistent across studies. The latter associations could be the consequence of measurement error. The strong positive association between fiber intake and both vitamin C and beta-carotene intakes and the strong inverse association seen with fiber intake mean that measurement error in dietary fiber intake would lead to incomplete adjustment for the confounding effect of fiber. This could explain the weak inverse associations seen with vitamin C and beta carotene. However, the possibility of real residual, though weak, inverse associations with vitamin C and beta carotene cannot be completely excluded.
Before the implications of these findings can be considered, it is first necessary to assess potential biases that may occur in case-control studies. These biases may be classified as selection, information, and confounding (43) .
Selection bias would occur if participation rates for case subjects and control subjects were differentially affected by dietary practices. Although one cannot exclude the possibility of this bias, the fact that inverse associations were seen in 12 of the 13 studies (Table 5 ) argues against the existence of any strong selection bias. This bias would have to operate in a similar manner in all studies to produce such consistent results, and this seems inherently unlikely.
Information bias would occur if case subjects recalled their diet differently from control subjects and, in particular, underestimated their intake of dietary fiber. Again, the consistency of the fiber effect across studies argues against this possibility. It should be noted that adjustment for total energy intake effectively would account for any general under-or over-reporting of food intake by case subjects as compared with control subjects.
There are no obvious contenders for confounding variables of the observed fiber effect, except possibly for dietary factors that are highly correlated with fiber in the foods that provide such intake and for which no measures were available in the present analysis. This possibility cannot be excluded, but the specificity of the relationship with fiber as opposed to vitamin C and beta carotene might argue against such confounding. Interestingly, a recent qualitative assessment of data from case-control studies also concluded that fiber appears to be more consistently related to reduced risk than either vitamin C or beta carotene (9) .
Although potential biases cannot be excluded, the consistency and specificity of the relationship observed with fiber in the present analysis suggest that such biases have not substantially contributed to the inverse association with fiber.
There are several potential mechanisms by which fiber could modify the carcinogenic process in the colon and rectum (44, 45) . These mechanisms include the physicochemical capacity of fiber to bind bile acids, which are plausibly involved as promoting or trophic agents, (46, 47) and the physiologic and mechanical effects of fiber on stool bulk (a diluting effect) (46) (47) (48) or on transit time (a duration of exposure effect) (46) (47) (48) . While stool bulk does appear to be related to colon cancer, transit time is less obviously a risk factor. A third effect of fiber on carcinogenesis is via the capacity of fiber to act as a substrate for bacterial fermentation. Fermentation results in an increase in bacterial mass (thus increasing stool bulk) and the production of short-chain (volatile) fatty acids (48, 49) . These acids can have two plausible effects-one direct and one indirect. Short-chain fatty acids, particularly butyrate, have been shown to have anticarcinogenic effects in vitro and may be a preferred colonic epithelial cell fuel (48, 49) . The indirect effect is via the lowering of gut pH, resulting in a lower rate of conversion of primary to secondary bile acids via pHdependent bacterial enzymes (46) . There are, however, some animal experimental data to show that while high fiber diets indeed decrease pH, this decrease is associated with an increased rate of cell proliferation and cancer (50) .
If the inverse association with fiber intake is simply reflective of some other closely associated dietary factor, one potential candidate would be the trace anticarcinogens found in a number of plant foods that are the source of the bulk of dietary fiber intake. Such anticarcinogens are found widely in vegetables, fruits, legumes, nuts, and grains and include not only vitamins with antioxidant properties, such as ascorbate and carotenoids, but also non-nutrient substances with established anticarcinogenic properties (45, 51) . These substances include phenolic compounds, sulfurcontaining compounds, and flavones. It is not inconceivable, given their ubiquity in plant foods, that fiber may be a good marker of this more molecular anticarcinogenic capacity (52) .
It must be emphasized that the fiber intake measured in the present studies refers to that derived from foods and not from fiber supplements. Therefore, recommendations to increase the consumption of fiber should be couched in terms of increasing the consumption of foods rich in fiber such as vegetables, fruits, cereal products, and pulses. This also safeguards against the possibility that the actual anticarcinogenic effect is due to some dietary component other than fiber, but which is highly associated with fiber intake.
If it were to be assumed that the association seen in the present data represents causality, it is of interest to estimate the approximate percentage of colorectal cancers that might be prevented by modification of fiber intake. Using the case data from the two U.S. studies and the Canadian study, we estimated that, if the U.S. and Canadian populations increased their fiber intakes from food sources so that all had an intake of at least 39 g/d (the mean of the highest quintile), the corresponding reduction in risk would be about 31%, or about 50000 cases per year in the United States. (For details of this calculation, see Appendix 2.) Such a dietary change would represent an increase of about 16 g of fiber per day, or 70% for the average individual on a typical diet consumed by North American Whites. Given the fact that dietary histories generally overestimate intakes by about 25%, this change would mean a true increase of about 13 g dietary fiber per day. It must be emphasized that increases in fiber consumption should preferably come from increases in the consumption of a wide variety of fiber-rich foods; such an increase does appear to be feasible in terms of substitution of fruits, vegetables, cereals, and legumes for other sources of energy such as fat. Further definition of the specific role of fiber in terms of its sources and physicochemical properties should come from future epidemiologic and metabolic studies. Population Risk From Modification of Fiber Intake Let the total number of cases of colorectal cancer (N) occurring in a defined population during a defined time period be classified by level of "exposure" to fiber intake and by level of potential confounders (age, sex, and total energy intake), so that the number of cases occurring at the j'th level of exposure and the i'th level of covariates is a y , i.e., N = 2, 2,. fly.
If there is a change in fiber intake in the population so that the number of cases occurring at the ;'th exposure level and i'th covariate level is by, then the fractional reduction in the total number of cases due to modification of fiber intake (P) will be or P = (N-2,. 2, bJ/N
If RR y is the decreased risk for an individual after dietary modification relative to the risk before modification, then
RRi) = K la ir
Substituting equation 3 in 2 gives
fly/W y .
[3]
[4]
If the relative risk is assumed constant across strata of covariates, which is approximately the case in the present analysis, then P = 1 - [5] where fj = (2,-a^/N, i.e., the total fraction of cases exposed at the yth level. Equation 5 will hold if the cases observed in a case-control or cohort study are regarded as a random sample of the cases arising in the defined population; i.e., the sampling fraction of cases is constant across level of exposure and level of covariates. If an individual case is regarded as defining one level of exposure, then equation 5 may be written as P = 1 -(1/N) 2, RR p [6] where N is the total number of cases, the summation runs over all individual cases, and RRj is the risk for an individual following the postulated dietary modification relative to the risk under the existing scenario. The relative risk is then estimated in the usual way by -x y )}, [7] where x tJ is the current fiber intake for the ;'th case and Xy is the postulated new fiber intake, and p has a value of 0.025 per gram of fiber per day estimated from the logistic regression model in which fiber is treated as a continuous variable and which includes terms for study, age, sex, and total energy intake. For the present analysis, the "target" level of fiber intake was defined as the age-and sexstandardized mean intake of fiber in the highest quintile based on the data for control subjects in the three North American studies of Whites. This target had a value of 39 g of fiber per day, as compared with the age-and sexstandardized mean for all controls in those three studies which had a value of 22.5 g of fiber per day. These mean values were similar among each of the three individual studies. Individuals currently consuming more than 39 g of fiber per day were assumed not to make any change. Using these values in combination with equations 6 and 7 and the combined case series from the three North American studies of Whites led to the quoted estimate of 31%.
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